Mitochondria are eukaryotic organelles that originated from an endosymbiotic a-proteobacterium.
SUMMARY
Mitochondria are eukaryotic organelles that originated from an endosymbiotic a-proteobacterium.
As an adaptation to maximize ATP production through oxidative phosphorylation, mitochondria contain inner membrane invaginations called cristae. Recent work has characterized a multi-protein complex in yeast and animal mitochondria called MICOS (mitochondrial contact site and cristae organizing system), responsible for the determination and maintenance of cristae [1] [2] [3] [4] . However, the origin and evolution of these characteristic mitochondrial features remain obscure. We therefore conducted a comprehensive search for MICOS components across the major groups that encompass eukaryotic diversity to determine the extent of conservation of this complex. We detected homologs for the majority of MICOS components among opisthokonts (the group containing animals and fungi), but only Mic60 and Mic10 were consistently identified outside this group. The conservation of Mic60 and Mic10 in eukaryotes is consistent with their central role in MICOS function [5] [6] [7] , indicating that the basic mechanism for cristae determination arose early in evolution and has remained relatively unchanged. We found that eukaryotes with ultrastructurally simplified anaerobic mitochondria that lack cristae have also lost MICOS. We then searched for a prokaryotic MICOS and identified a homolog of Mic60 present only in a-proteobacteria, providing evidence for the endosymbiotic origin of mitochondrial cristae. Our study clarifies the origins of mitochondrial cristae and their subsequent evolutionary history, provides evidence for a general mechanism of cristae formation and maintenance in eukaryotes, and points to a new potential factor involved in membrane differentiation in prokaryotes.
RESULTS AND DISCUSSION

MICOS Is an Ancient Eukaryotic Protein Complex that Co-occurs with Mitochondrial Cristae
Due to their a-proteobacterial origins, mitochondria are double membrane-bound organelles consisting of four major compartments ( Figure 1 ): the mitochondrial inner membrane (MIM), the mitochondrial outer membrane (MOM), the intermembrane space (IMS), and the mitochondrial matrix. The MIM can be further divided into two functionally and compositionally distinct domains: the inner boundary membrane (IBM) and the cristae membrane (CM). The IBM is closely apposed to the MOM and appears to be predominantly involved in protein translocation and solute transport [9] , whereas the CM is the site of oxidative phosphorylation and is formed by MIM invaginations that protrude from crista junctions (CJs) into the mitochondrial matrix [10] . The mitochondrial contact site and cristae organizing system (MICOS) is a multi-protein complex, comprising Mic10, Mic12, Mic19, Mic25, Mic26, Mic27, and Mic60, that localizes to CJs (Figure 1 ) and whose disruption leads to virtual CJ loss, altered mitochondrial ultrastructure, and impaired respiratory function [1] [2] [3] [4] . Thus, a primary function of MICOS has been proposed to be the formation of CJs and consequently the formation and maintenance of mitochondrial cristae [5-7, 11, 12] . MICOS subunits have been reported in Saccharomyces cerevisiae [1, 3] , Caenorhabditis elegans [13] , and Homo sapiens [14] [15] [16] ; however, the extent to which our knowledge about MICOS function might be applied to diverse eukaryotes is unknown. We therefore investigated the phylogenetic distribution of MICOS subunits across the tree of life in order to shed light on the evolutionary history of MICOS and the origin and evolution of mitochondrial cristae.
Using a combination of BLAST and hidden Markov model (HMM) homology searching algorithms, we searched for the homologs of MICOS subunits in a representative subset of genomes and transcriptomes from the major groups that encompass eukaryotic diversity (see Supplemental Experimental Procedures). Our methods allowed us to identify putative MICOS components from every major eukaryotic lineage (Figures 2 and S1A).
Mic60 is the central and largest protein in MICOS, and together with Mic10, constitutes the core of the complex [1, 5, 7, 18] . Loss of either protein leads to the most severe phenotypes, relative to other components. Mutant S. cerevisiae or human mitochondria lacking Mic60 or Mic10 lose virtually all CJs and accumulate stacked internal membranes in their matrix with nearly no visible connections to the IBM [1, 6] . We were able to identify both Mic10 and Mic60 in every major lineage of eukaryotes including fungi, animals, amoebozoans, excavates, SAR, and archaeplastids, among others (Figures 2 and S1A ). This finding is in agreement with their importance in opisthokont mitochondria and suggests that these proteins also play a central role in MICOS function in diverse eukaryotes. Since MICOS constitutes the molecular basis of CJs, our analyses suggest that CJs are universally present in mitochondria even though CJs have so far only been observed in animals [19] , fungi [20] , and amoebae [21] . The conservation of MICOS indicates that a general mechanism of cristae formation and maintenance through MICOS action at CJs can be applied to all eukaryotes that exhibit mitochondrial cristae.
Further support for the fundamental role of MICOS in cristae formation and maintenance emerges from our observation that taxa that lack MICOS exhibit ultrastructurally simplified mitochondria without cristae (e.g., mitosomes and hydrogenosomes). Species lacking MICOS include the fungus Piromyces sp., the microsporidians Encephalitozoon cuniculi and Nosema ceranae, the amoeba Entamoeba histolytica, and the metamonads Giardia intestinalis and Trichomonas vaginalis (Figures 2 and S1A). These organisms represent diverse branches on the tree of eukaryotes that have independently adapted to low-oxygen environments during evolution [22] . Ultrastructural MICOS is composed of six subunits in S. cerevisiae [4] , two core subunits, Mic60 and Mic10, and the additional subunits Mic19, Mic26, Aim37 (Mic28), and Mic12. MICOS localizes to CJs and ensures that the structurally and functionally different cristae and IBMs remain connected [1] [2] [3] [4] [5] . Additionally, MICOS interacts with several proteins at contact sites of the mitochondrial envelope, including TOM and SAM in the MOM and Mia40 in the IMS [1, 2, 8] .
simplification through cristae loss has accompanied the irreversible loss of the respiratory chain and the capability to perform chemiosmotic ATP production [22] . Thus, the loss of the MICOS complex could be interpreted as the decisive step in the path toward complete loss of the characteristic internal cristate structure of aerobic mitochondria. In support of this claim, we have identified MICOS components in organisms that bear substantially reduced anaerobic mitochondria but retain some inner membrane ultrastructure. For example, Blastocystis hominis possesses cristae in its anaerobic mitochondrion [23] and encodes the full core complement of MICOS subunits in its genome. Furthermore, an extremely divergent Mic10 ortholog was identified in Cryptosporidium muris, which retains tubular cristae, as well as a Krebs cycle, an incomplete respiratory chain (i.e., complex I and II), and an alternative oxidase (AOX) [24, 25] . Its close relative Cryptosporidium parvum also possesses a divergent Mic10, which might account for the abnormal inner-membrane folds present in its even more reduced mitosome [26] . These correlations further support the indispensable role of MICOS in cristae morphogenesis and maintenance.
Similar to Mic10 and Mic60, Mic19 also appears to exhibit a wide, although less regular, distribution among eukaryotes (Figure 2) . In this case, the short nature and lower sequence conservation of Mic19 (containing either DUF737 or DUF1690) hinders a confident assessment of homology in lineages outside the opisthokonts (Figures 2 and S1A , gray circles). MICOS subunits Mic25, Mic26, Mic27, Mic12, and Aim37 have more restricted distributions (Figures 2 and S1A ). Of these, Mic26 is found among opisthokonts, whereas Mic25 and Mic27 are restricted to vertebrates, and Mic12 is restricted to fungi. Aim37 is found exclusively in the Saccharomycetales (see below).
Two other proteins, OPA1 and MICS1, have been implicated in maintaining overall mitochondrial morphology and cristae integrity, as well as in regulating the apoptotic release of cytochrome c in mammalian cells [27, 28] . In order to determine whether these proteins could also be generally responsible for maintaining mitochondrial cristae across eukaryotic diversity, we searched our genome database for their orthologs. Our analyses demonstrate that Opa1 and a related fungal protein Mgm1 are restricted to holozoans and fungi, respectively ( Figure S1B ). In contrast, MICS1 has a patchy distribution across eukaryotes, indicating an ancient origin, followed by repeated loss (Figure S1B) . It has been suggested that Opa1 and Mgm1 are orthologs, although this has not been convincingly demonstrated [29] . Both proteins are closely related to dynamin, but our results suggest that each protein has independently evolved from its respective holozoan or fungal dynamin, rather than sharing a direct common ancestor. Further bioinformatic and phylogenetic analyses focused on this aspect of the dynamin superfamily must be conducted to fully understand the relationship between these two proteins.
Paralogy, Convergence, and Origin of MICOS Subunits Mic25, Mic27, and Aim37/Mic28 The distribution of Mic60, Mic10, and possibly Mic19, across eukaryotic diversity allows us to infer that the last eukaryote common ancestor (LECA) made use of a MICOS complex consisting of these three proteins. Other MICOS subunits were later acquired as groups diverged (e.g., Mic26 in opisthokonts and Mic12 in fungi). Vertebrate Mic19 and Mic25 contain similar CHCH domains [15] . Their restricted co-occurrence within the vertebrate lineage strongly suggests that Mic25 is a paralog of Mic19 that evolved by duplication and divergence from an ancestral Mic19 of wide eukaryotic distribution. Unfortunately, the CHCH domain is too short to be informative in rigorous phylogenetic analyses, and thus, the paralogy of Mic19 and Mic25 could not be confirmed.
Mic26, Mic27, and Aim37 are obviously related, constituting a protein family characterized by the presence of an ApoO domain [16] . It has therefore been suggested that Aim37 be renamed as fungal Mic27 to reflect this relationship [4] . In order to clarify the specific evolutionary relationships among the members of this gene family, we performed phylogenetic analyses of these ApoO domain-containing proteins (see Supplemental Experimental Procedures). We found that Aim37 is not orthologous to vertebrate Mic27 ( Figure S2A ). Instead, our analyses revealed that Mic27 and Aim37 are paralogs of Mic26 that originated from independent duplications in vertebrates and Saccharomycetales, respectively ( Figures S2A and S2B) . Hence, we suggest Aim37 be renamed Mic28, specific to the Saccharomycetales.
Similar to the evolutionary history of other macromolecular assemblies [30] (e.g., the nuclear pore complex and the spliceosome), MICOS has increased in complexity through the process of gene duplication followed by sequence divergence and retention of paralogs. This phenomenon is observed independently in vertebrates and the Saccharomycetales, in which Mic26 gave rise to its paralogs Mic27 and Aim37 (Mic28), respectively. This interpretation of the evolution of MICOS wholly relies upon the functionally identified and validated MICOS components in S. cerevisiae, C. elegans, and H. sapiens. Not only is it possible that independent MICOS expansions have occurred in other parts of the tree, but lineage-specific loss of hitherto undiscovered ancient MICOS components may have also occurred in the opisthokonts. Unfortunately, without functional data, it is 
. Distribution of MICOS Subunits across the Eukaryote Evolutionary Tree
Consensus evolutionary tree of eukaryotes [17] . Major eukaryote groups are represented by species for which whole-genome data are available. The classical multicellular lineages (animals, fungi, and plants) are highlighted within these major groups. MICOS subunits were identified by a combination of BLAST and HMM homology searching methods. Colored circles at tips indicate presence of MICOS subunits. Mic60, Mic10, Mic19, Mic25, Mic26, and Mic27/Aim37 (Mic28) are indicated by green, blue, red, red-pink, purple, and purple-brown circles, respectively. Gray circles indicate potential Mic19 orthologs in non-opisthokont lineages (see Figures S1A and S2 and Table S1 ).
impossible to investigate this further. These possibilities further underscore the importance of establishing model systems that span the diversity of eukaryotes in order to gain insight into the evolution of cellular systems.
MICOS Core Subunit Mic60 Has a-Proteobacterial
Origins Our search for MICOS homologs in complete databases led to the identification of bacterial homologs of Mic60 ( Figures  3A and S3 ). These homologs were restricted to a-proteobacteria, the bacterial progenitor lineage of mitochondria. Although Mic60 homologs are present in diverse members of the a-proteobacteria, they are absent from the SAR11, Anasplamataceae, and Rickettsiaceae groups (''Rickettsiales'' sensu lato) ( Figure 3A) .
In order to assess the likelihood that a-proteobacterial Mic60 might retain a similar function to that of eukaryotic Mic60, we investigated structural features of the candidate proteins. Using HMMER3, we determined that, similar to their eukaryotic counterpart, a-proteobacterial Mic60 has a conserved C-terminal mitofilin domain readily retrieved using HMM searches. The rest of the protein is not well conserved at the sequence level, even among eukaryotes, but using TMHMM, TMpred, and COILS as bioinformatic predictors for secondary protein structure, we were able to reveal that prokaryotic Mic60 has an N-terminal transmembrane segment as well as a central coil-coiled region (Table S2 ). These structural motifs are found in corresponding positions to those of their eukaryotic homologs (Figure 3B) . We conclude that the identified Mic60 homologs among a-proteobacteria retain the same overall structure as eukaryotic Mic60, providing additional support for its functional conservation. However, we cannot rule out the possibility that Mic60 in a-proteobacteria might be performing a different function and was only later recruited to stabilize cristae and improve mitochondria function via its propensity for homotypic interactions at the IMS [5, 18] . (A) Distribution of MICOS (Mic60 homologs) in a-proteobacteria. Consensus phylogenetic tree of a-proteobacteria based on [31] containing a representative set of species from the major orders recognized in the group. a-proteobacterial homologs of Mic60 were identified by HMM searches. (B) Conserved Mic60 protein domain architecture in eukaryotes and prokaryotes. Structural motif predictions were carried out using TMHMM, TMpred, and COILS (see Figure S3 and Table S2 ).
Figure 4. Evolutionary History of MICOS
MICOS has an endosymbiotic origin from within the a-proteobacteria. The core MICOS component Mic60 was acquired with the a-proteobacterial endosymbiont that gave rise to the mitochondrion. Later, Mic10 and Mic19 were added to the ancestral MICOS (Mic60) in the eukaryote stem lineage before the diversification of eukaryotes into modern groups. Other MICOS components (Mic26, Mic25, Mic27, Mic12, and Aim37 [Mic28]) were later added during opisthokont evolution (see Results and Discussion). Several eukaryotic groups (e.g., Piromyces sp., microsporidians, and metamonads) with simplified mitochondria (e.g., mitosomes and hydrogenosomes) lost MICOS and therefore cristae (white pies). Other anaerobic linages (e.g., anaerobic ciliates and breviates) that exhibit mitochondria with no cristae are hypothesized to have lost MICOS as well (white pies with question marks). Cristae morphotype in aerobic mitochondria is independent of MICOS subunit composition as seen from their lack of correlation across eukaryote diversity. Most a-proteobacteria, excluding rickettsiales, encode a Mic60 homolog in their genomes, which is in congruence with most of them having complex ICMs that invaginate from their cytoplasmic membranes.
We have been able to trace the evolutionary history of MICOS to a-proteobacteria, the progenitor lineage of the mitochondrion. The presence of the largest and central MICOS component Mic60 in a-proteobacteria indicates that MICOS has indeed a pre-endosymbiotic origin. Based on its overall structural conservation and the strong sequence conservation of the C-terminal mitofilin domain ( Figure 3B ; Table S2 ), the simplest hypothesis is that this protein works similarly in a-proteobacterial cytoplasmic membranes. Indeed, several a-proteobacterial groups are known for developing intracytoplasmic membranes (ICMs) of diverse morphologies. These include vesicular, tubular, plate-like, and thylakoid-like ICMs, some of which resemble the mitochondrial cristae of several eukaryotic lineages [32] . The discovery of the molecular bases of mitochondrial cristae morphogenesis through MICOS, together with our finding of its ancient a-proteobacterial origins, brings new life to the idea that mitochondrial cristae are homologous to a-proteobacterial ICMs (Figure 4) .
MICOS is also required for proper MIM-MOM tethering and interacts with several outer membrane proteins, including the translocase of the outer mitochondrial membrane (TOM) complex, the sorting and assembly machinery (SAM) complex, and the voltage-dependent anion channel (VDAC) [2, 5, 8] (Figure 1 ). These interactions are required for both MIM-MOM tethering (contact sites) and the proper import and assembly of certain mitochondrial proteins [8, 12, 33] . While no obvious orthologs of the TOM complex or VDAC have been reported in bacteria, BamA, the major component of the beta-barrel assembly machinery (BAM) complex in Gram-negative bacteria, performs a similar function and is orthologous to Sam50, the major component of the SAM complex [34, 35] . Since the structures of a-proteobacterial Mic60 and Omp85 are similar to their homologs in mitochondria, we hypothesize that their interaction at mitochondrial contact sites is also an ancient feature that was inherited from the a-proteobacterial endosymbiont [2, 10, 33] .
The presence of MICOS in most members of the a-proteobacteria, but not in the rickettsiales, is in agreement with suggestions that the mitochondrial ancestor was a metabolically versatile a-proteobacterium, similar to the purple non-sulfur bacteria [36] . Although it is conceivable that the rickettsiales lost MICOS during their transition to a parasitic life, our findings suggest that the a-proteobacterium that gave rise to the proto-mitochondrion already had the capability to remodel its cytoplasmic membrane as a result of an increasing bioenergetic demand.
Variations in Cristae Morphology Do Not Correlate with Presence of MICOS Subunits
Mitochondrial cristae morphology is relatively well conserved and has been utilized in taxonomy to delineate major eukaryotic groups [37] . However, the molecular bases for variations in cristae morphology are unknown. Given the importance of MICOS in cristae morphogenesis, we asked whether there is any correlation between the distribution of MICOS components and specific cristae morphotypes. We mapped both traits onto the eukaryote evolutionary tree (Figure 4) . Although there is a perfect correlation between presence or absence of MICOS and that of cristae, there appears to be no correlation between the presence of specific MICOS components and the morphology of cristae in different eukaryote lineages. For example, archaeplastids have flat (lamellar) cristae, whereas alveolates and stramenopiles have tubular cristae, but in all three lineages, there are species that have the same core MICOS components (Mic60, Mic10, and Mic19). Similarly, animals and fungi have flat (lamellar) cristae [38] despite their MICOS complexes containing more subunits. Although euglenozoans appear to have lost Mic60, the heteroloboseans Naegleria gruberi and Percolomonas sp. retain Mic60 (Figure 2 ; Table S1 ), indicating that the defining discoidal cristae of discicristates are not correlated with a specific known MICOS subunit composition [38] .
Conclusions
MICOS is an ancient eukaryotic multi-protein complex. Its conservation among eukaryotes attests to its critical role, whereas its evolutionary history exemplifies the coevolution of mitochondrial structure and function. The evidence presented here is indicative of the evolutionary continuity of a general mechanism to regulate membrane invaginations and organize membrane growth. We challenge the prevailing view that mitochondrial cristae have a post-endosymbiotic origin and provide evidence for the existence of an a-proteobacterial MICOS that may perform similar functions as mitochondrial MICOS. Future experimental studies will undoubtedly clarify the role of Mic60 in a-proteobacteria, extend MICOS protein composition in diverse eukaryotes, and deepen our understanding of the formation and evolution of cristae morphologies. 
